Cyanosilylation of aldehydes and aliphatic ketones can be carried out in dimethylformamide even without the use of any catalyst. In the presence of nucleophilic catalysts such as carbonate and phosphate salts, the reaction rate is significantly enhanced.
Results and Discussion
Use of DMF as a solvent for the cyanosilylation reaction using a metallic catalyst was reported in 1978 by Rasmussen and Heilmann (35) while in situ preparing TMSCN using KCN under reflux conditions. Our present studies have shown that DMF is not only a more suitable solvent, but itself can catalyze the addition of TMSCN to aldehydes, whereas for ketones, the use of a nucleophilic catalyst is necessary for faster reaction and complete conversion.
Because silicon is highly oxophilic, any solvent that can coordinate to silicon in TMSCN was expected to facilitate CN Ϫ transfer. Therefore, we explored the use of suitable oxygenated solvent and found DMF as the preferred solvent. Furthermore, as DMF increases the dielectric constant of the medium and thus stabilizes the charged transition state, it also facilitates the reactions. For comparison a series of reactions has been performed by using different solvents and solvent systems. From the result of these studies (Table 1) , DMF has been identified as the most suitable solvent for the cyanosilylation of carbonyl compounds (Scheme 1).
Although Izumi et al. (23) reported the use of some carbonates and phosphates (but not potassium carbonate or organic phosphates) in the solid base catalyzed cyanosilylation, our present study indicates that cyanosilylation of carbonyl compounds in DMF is efficiently catalyzed by potassium carbonate or easily synthesized organic phosphates such as (Bu) 4 
Ketones are generally less reactive in cyanosilylation. Indeed we found that these reactions are rather slow without a suitable catalyst. However, cyanosilylation of aldehydes occurs efficiently without any catalyst when DMF is the solvent (because DMF itself acts as a nucleophilic activator). However, ketones also undergo reaction in DMF without the catalyst but require longer reaction times, which can be reduced considerably by the presence of catalyst. Use of a readily prepared metal-free organic phosphate catalyst allows to avoid metal based initiators in reactions where metal coordination with the substrates hinder the progress of the cyanosilylation. All aldehydes we studied gave high yields in 5-20 min (except 1d) with or without catalyst ( Table 2) .
Cyanosilylation under solvent-free conditions using K 2 CO 3 catalyst has been reported. However, this was restricted to reactions with liquid substrates which give liquid product (11, 36, 37) . In Kurono's work, THF has been used as a solvent with LiCl catalyst (11) . In a practical sense these ''solvent free'' methods however require solvent at least in one of their work up stages after the reaction. These reactions are also slow and required large amount of salt to catalyze the reactions of ketones. Reaction of acetophenone using K 2 CO 3 under solvent free conditions required 30 mol% of K 2 CO 3 and 24-h reaction time to give 91% product. When we have carried out the reaction using K 2 CO 3 in DMF the reaction is complete in 30 min with an isolated yield of 98% (Table 3 , entry g). In the case of all ketones studied, the reactions are fast (reaction time, 5 min to 2 h) except in the case of 3e (Table 3) .
Song et al. (38) used N-heterocyclic carbenes (NHCs) as efficient initiators for cyanosilylation. Because NHCs such as 1,3-bis(tert-butyl)imidazol-2-ylidene or 1,3-bis(cyclohexyl)imidazol-2-ylidene are costly, easily available K 2 CO 3 and DMF are used preferentially in our cyanosilylations. Recently, Feng et al. (39) reported an efficient solvent-free cyanosilylation using tetramethylaminoguanidine, but it requires prolonged reaction times (4-15 h).
Our quest to find other salts that can efficiently catalyze cyanosilylation led us to investigate a number of nitrates, sulfates, and phosphates. Results showed that phosphate salts were able to catalyze the cyanosilylation very efficiently. There have been some reports in the literature in which phosphate moiety is a part of metal-based Lewis base system (40) or a Brønsted acid system (41) . To our knowledge, use of organic phosphates alone as catalysts in cyanosilylation has not been reported in the literature. An initial screening of the catalytic effect of different *At low temperature (Ϫ50 to 0°C). phosphates revealed 100% conversion (3a) in most cases in a reasonable amount of time with 5 mol% catalyst loading. In addition to the common inorganic phosphate salts, we also studied organic phosphate salt (Bu) 4 Table  4 , entry 3) because of its high solubility in organic solvents, thus reaping the benefits of homogeneous catalysis. Reactions of various ketones catalyzed by this organic phosphate in DMF afforded the cyanosilylated products in excellent yields (Table 5) .
Two possible pathways may be considered for the mechanism for cyanosilylation of carbonyl compounds using the above mentioned catalysts: an autocatalytic (initiated) and a catalytic pathway. The autocatalytic pathway can be initiated by either a neutral (AX) or an ionic (BY) species. In the case of initiation by neutral species, DMF or the substrate itself can activate TMSCN by coordinating to silicon. Thus, the Si-CN bond is Catalyst, 5 mol%. *After 6.0 h, 0.5 eqv excess TMSCN was added to complete the reaction. weakened and polarized to give rise to a zwitter ionic intermediate 1, which can then attack the electrophilic carbonyl, affording another zwitter ionic alkoxide species 2. Species 2 can attack a new TMSCN molecule, giving the cyanosilylated product. The cycle is repeated until all of the carbonyl substrate is consumed. In the case of initiation by ionic species, the anion of an ion pair can attack the TMSCN forming a trigonal bipyramidal intermediate 3, from which the cyanide ion is transferred to the carbonyl compound to give rise to an alkoxide ion that can continue the autocatalytic cycle till all of the starting material is consumed (Scheme 2).
In the case of carbonate catalyzed reaction, two pathways can be considered (Scheme 3). In the first (pathway a), the bidentate carbonate catalyst can interact with the TMSCN to give rise to the pentacoordinate species i. Then the silicon atom can extend its coordination sphere to give rise to the hexacoordinate intermediate ii. This type of valency expansion is well known in silicon chemistry (42) . The cyanide can then add to the carbonyl compound, and the resulting alkoxide ion can coordinate to the silicon atom of the coordination sphere. Again a penta-or hexacoordinate intermediate (iii or iv, respectively) is possible, from which the TMS protected cyanohydrin is released with the regeneration of the catalyst. Another possibility involves the simultaneous coordination of two anionic sites of the catalyst with two TMSCN moities to give intermediate vi in the (a؉b) pathway. As mentioned, cyanide is then transferred to another molecule of the carbonyl compound, and the resulting alkoxide replaces the cyanide by coordinating to the silicon atom. Finally, the TMS-protected cyanohydrin is released with the regeneration of the catalyst 
Catalytic pathway involving a bidentate catalyst.
doubling the catalytic effciency. In our recently reported trif luoromethylsilylation studies, calculations at the B3LYP/ 6 -311ϩG* level showed that intermediates similar to ii (hexacooordinate intermediate) and vi (pentacoordinate intetmediate) are stable minima (43) .
In conclusion, we have described the role of DMF as the preferred solvent (acting also as catalyst) and carbonate/ phosphate salts as efficient nucleophilic catalysts for cyanosilylation of aldehydes and ketones. The efficiency of an organic phosphate as a homogenous catalyst was also manifested. Although the reactions of many aldehydes and aliphatic ketones in DMF proceed smoothly, even in the absence of a catalyst, the reactions were found to be faster and more efficient in the presence of nucleophilic catalysts such as carbonate and phosphate salts.
Experimental Methods
The general procedure for the addition of TMSCN to carbonyl compounds under nucleophilic catalysis is as follows. TMSCN (1.2-1.5 equivalent) was added to a solution of carbonyl compound (1 mmol) and the nucleophilic catalyst (1-5 mol%) in dry DMF (3 ml), and the reaction mixture was stirred vigorously at room temperature. After the completion of the reaction (monitored by TLC), the mixture was poured in brine solution (15 ml 
